Microglial cells penetrate into and scatter throughout the human cortical grey and white matter according to a specific spatiotemporal pattern during the first 2 trimesters of gestation. Routes of entry were quantitatively and qualitatively different from those identified in the diencephalon. Starting at 4.5 gestational weeks, amoeboid microglial cells, characterized by different antibodies as Iba1, CD68, CD45, and MHC-II, entered the cerebral wall from the ventricular lumen and the leptomeninges. Migration was mainly radial and tangential toward the immature white matter, subplate layer, and cortical plate, whereas pial cells populated the prospective layer I. The intraparenchymal vascular route of entry was detectable only from 12 gestational weeks. Interestingly, microglial cells accumulated in restricted laminar bands particularly at 19 to 24 gestational weeks among the corona radiata fibers rostrally, extending caudally in the immature white matter to reach the visual radiations. This accumulation of proliferating MIB1-positive microglia (as shown by MIB1-Iba1 double immunolabeling) was located at the site of white matter injury in premature neonates. The spatiotemporal organization of microglia in the immature white and grey matter suggests that these cells may play active roles in developmental processes and in injury to the developing brain.
INTRODUCTION
Microglia constitute the pool of intracerebral resident macrophages, and their origin remains controversial (1Y4).
The existence of a neuroepithelial precursor has been suggested (5, 6) , but the prevalent view is that microglia originate from the mesoderm, belong to the monocytic line, and colonize the brain (3, 5, 7, 8) . Microglial cells enter the brain in the earliest phases of development in an amoeboid form and are characterized by a large cell body with no processes. They have been described as displaying some similarities with macrophages recruited under pathologic conditions regarding surface antigens, morphology, and functional properties (2, 9Y11). In the adult brain, microglia appear as ramified cells with small cell bodies and long thin processes (2Y4, 12). Intermediate forms have been described during late development (2, 12) , suggesting a common ontogenic lineage between these extremes.
In the fetal brain, microglial cells undergo reactivation when exposed to prenatal insults such as hypoxia-ischemia, infection, or excitotoxic damage as suggested in animal models of white matter injury to the developing telencephalic wall (13Y23). Indeed, the white matter underlying the cerebral cortex is the main target during injury to the premature brain, most notably in periventricular leukomalacia. The presence of reactive microglia brain macrophages in white matter injury was observed in the first histopathologic description of these lesions (24) and confirmed by later studies (25, 26) . Interestingly, a recent study showed the preferential distribution of activated microglia in the white matter of the normal fetal brain during the peak window of vulnerability for periventricular leukomalacia (27) .
Descriptive studies of human brains are needed to determine how microglial cells affect normal developmental processes and to gain insight into the pathophysiologic mechanisms underlying white matter injury of the immature brain. Most studies of microglia in the developing human cerebral wall have focused on fetal development (9Y12, 28Y31), whereas little is known about the early embryonic phases of microglial development (1, 32Y34) .
In this study, we investigated the early embryonic and fetal penetration, migration, and differentiation of microglial cells in developing cerebral wall, including the prospective white matter and cortical plate. A former study focused on the distribution and differentiation of microglial cells in the embryonic and fetal diencephalon and ventral telencephalon (1) . Here, we used the anti-Iba1 antibody to immunolabel
MATERIALS AND METHODS
We used 33 brains aged 4.5 to 23.5 gestational weeks (gw) and free of neuropathologic abnormalities ( Table 1) . The procedures were approved by the appropriate ethics committee (Comité Consultatif National d'Ethique pour les Sciences de la Vie, approval number 90 294). There were 16 formalin-fixed paraffin-embedded brains obtained retrospectively from fetopathology and pathology units with various postmortem delays. The remaining 17 brains were obtained within 24 hours after death of the embryo or fetus, fixed in 4% paraformaldehyde, cryoprotected, and cut using a cryostat (1) . Coronal sections were cut through the foramen of Monro and included the dorsal hippocampus and the lateral choroid plexus. Sections obtained from the anterior telencephalic wall included the septum pellucidum. Posterior sections were cut in the occipital region at the level of the optic radiations.
Immunolabeling was achieved using primary antibodies to 4 antigens: Iba1, CD68, CD45, and MHC-II (Table 2 ) (1). Iba1 (ionized calcium-binding adapter molecule 1) is a protein that mediates calcium signals in monocytic cells. Iba1 is expressed in the brain in ramified microglia, perivascular microglia, and activated microglia (35, 36) . The antibody recognizes a single band of approximately 17 kDa by Western blotting, and the immunogen is the C-terminal extremity of the 146-amino acid protein. CD68 (cluster of differentiation 68) is a lysosomal protein expressed in macrophages and in microglia of the developing and adult brain (9, 10, 37) . The antibody recognizes a single band of approximately 110 kDa by Western blotting that corresponds to a lysosomal glycoprotein composed of 354 amino acids (38, 39) . CD45 (cluster of differentiation 45) is a transmembrane receptor expressed on mononucleate hematopoietic cells and on microglia in the brain (40) . CD45 antibody recognizes 5 bands within the 170-to 240-kDa range by Western blotting, which correspond to the full range of leukocyte common The labeled antigen appeared in black under the light microscope.
Immunoenzymatic double labeling was achieved by combining Iba1 antibody with glial fibrillary acidic protein antibodies with the endothelial anti-CD34 antibody with antibodies against the proliferation markers Ki67 and MIB1 (Table 2) . CD34 belongs to a surface glycoprotein expressed on endothelial cells, embryonic fibroblasts, and lymphohematopoietic progenitor cells (44) . Only endothelial cells express CD34 in the brain at the stages used in the present study (45, 46) . CD34 antibody recognizes a single band of approximately 110 kDa by Western blotting (45) . Ki67 is a nuclear protein expressed during the active phases of the cell cycle (G 1 , S, G 2 and M phases) (47) . In double-labeling experiments, the first antibody (raised in a first animal species) was visualized in black using the streptavidinbiotin-peroxidase method as described for single labeling. Then, the sections were incubated with the other antibody (raised in a different species), and labeling was obtained using the peroxidase-antiperoxidase method (48) . The reaction of peroxidase with 0.005% H 2 O 2 occurred in the presence of 3,3 ¶-diaminobenzidine tetrahydrochloride (0.05%) in 0.1 mol/L PBS (pH 7.5) and yielded a brown product. For both methods, controls were run without the primary antibody to check for absence of cross-reactivity.
Microscopy
Images were acquired using a CDD camera (Apogee Instruments, Inc., Boston, MA) adapted on a Leica DMRB microscope. Figures were prepared digitally in Adobe Photoshop (Adobe Systems, San Jose, CA). All images required minor adjustments of contrast and brightness. No other image alterations were necessary.
RESULTS
Iba1-labeled cells showed higher densities than cells labeled with other antibodies in the diencephalon and ventral telencephalon (1) . Therefore, we selected Iba1 for the general description of microglia. CD45-positive cells were more numerous than CD68-positive cells. Microglial cells rarely expressed MHC-II antigens as assessed using LN3 and HLA-DR >-chain antibodies. Microglial distribution and morphology followed the sequential gradient of cerebral wall development with a delay of approximately 2 weeks between the medial and lateral cerebral cortex (Fig. 1C, D) . Also, the prefrontal and occipital regions developed later than the medial cortical region. Amoeboid and intermediate cells were prominent at the earliest stages, whereas ramified cells predominated in the latest stages, as described previously (2, 4, 10, 11) .
Early Penetration of Microglia Into the Cerebral Cortex and White Matter Via the Meninges, Ventricles, and Choroid Plexus At 4.5 gw, the cerebral wall was composed of the ventricular zone and marginal zone (Fig. 1A, B) . Starting at 7 to 8 gw, the first postmitotic neurons of the cortical plate migrated ,and the cerebral wall was then divided into 4 layers, of which the deepest was the germinal ventricular zone, followed by the intermediate zone (which will give rise to the prospective white matter), cortical plate, and marginal zone (prospective molecular layer or layer 1) (Fig. 1C, D ) (49) . The dorsal hippocampus developed in the medial cerebral cortex contiguous to the choroid plexus of the lateral ventricles. This transient structure will regress and totally disappear at approximately the tenth week of gestation.
At 4.5 gw, Iba1-positive amoeboid and intermediate extracerebral cells were seen in the leptomeninges along the pial surface, contiguous to CD34-positive vessels (Fig. 1A, B) . Some amoeboid cells floated in the ventricular lumen or clung to the ventricular edge (Fig. 1B) . Within the parenchyma, a few amoeboid and intermediate Iba1-positive cells were located close to the pial surface and ventricular edge ( (Fig. 1D, E) . Amoeboid microglia were seen in the medial dorsal hippocampus contiguous to the choroid plexus, with variations in density across specimens (Fig. 1F) . Most of these cells were positive for Iba1, CD45, and CD68. A few HLA-DR-positive cells were detected in the marginal zone, dorsal hippocampal formation, and choroid plexus of early specimens (Fig. 1G) . From 6 gw onward, blood vessels gradually invaded the cerebral wall, but only a few points of contiguity were found between Iba1-positive microglial cells and CD34-positive vessels at the early stages (Fig. 1D, E) . Iba1-MIB1 double labeling identified proliferating Iba1-positive cells in the pia mater, in the preplate of the cerebral wall at 5.5 gw (Fig. 1C) , and in the intermediate and marginal zones at 7 to 8 gw.
Accumulation of Microglia at the Junction of the Cortical Plate and Pre-Subplate
From 9 to 13 gw onward, the lateral-to-medial gradient of neuronal migration resulted in a cortical plate thickness ratio of 4:1 on coronal sections. In parallel, from the depth to the surface, the cerebral wall was composed of the ventricular zone, intermediate zone (prospective white matter), subplate, cortical plate, and superficial marginal zone (Fig. 2AYC, E) . At 12 to 13 gw, the subplate comprised a deep layer with few cells and a superficial neuron-rich layer (50) . Radial perforating vessels penetrated the cortical plate and subplate and randomly orientated blood vessels were numerous in the intermediate and germinative zones (Fig. 2E) .
At 9 to 11 gw, microglial cells were preferentially distributed in the intermediate zone, pre-subplate, inner cortical plate, and marginal zone (Figs. 1E, 2AYE ). Strikingly, Iba1-positive intermediate cells constituted a continuous band at the lower boundary of the cortical plate and pre-subplate (Fig. 2AYC) . Most of these cells expressed CD68, seen as a few cytoplasmic dots (Fig. 2B ). Cells were also positive for CD45 (Fig. 2C) , although this labeling was diffuse and difficult to photograph. Numerous MIB1-positive proliferating microglial cells were observed at this site as early as 9 gw (Fig. 2D) .
At 12 to 13 gw, the distribution of Iba1-positive cells was more uniform throughout the cerebral wall, although density remained higher in the marginal zone and the deepest layers (subplate, intermediate zone or prospective white matter, subventricular zone, and ventricular zone) (Fig. 2E) . Iba1-, CD45-, CD68-and HLA-DR-positive cells were numerous in the germinal zone, with some aligned along the ventricle (Fig. 2E, F) . Microglial cells seemed to migrate from the germinative zone to the upper layers. Iba1-positive microglial cells displayed a tangential or radial orientation in the intermediate zone and deep subplate (Fig. 2G ). As they progressed toward the surface, they gradually acquired a ramified morphology (Fig. 2H) . Microglial cells were absent from the upper cortical plate, except for the most external marginal zone in contact with the pia mater (Fig. 2E) . Only a few Iba1-positive microglia exhibited a particular relationship with CD34-positive blood vessels (Fig. 2E) . Few Iba1-positive cells colocalized with MIB1 (not shown).
Ramified Microglia Invaded the Subplate and Prospective White Matter
From 14 gw onward, a decrease in ventricular zone thickness correlated with an increase in thickness of the subventricular zone and subplate, which became the most prominent layer of the lateral cerebral wall (Fig. 2I) . Between 14 and 19 gw, the distribution of Iba1-and CD45-positive microglial cells was similar throughout the cortical mantle and morphology varied across layers (Fig. 2I) . Few positive cells were seen in the upper cortical layers (Fig. 2I) . In the upper subplate and lower cortical plate, small intermediate cells produced faint labeling (Fig. 2J) . In the deep subplate identified in the corpus callosum at the level of the dorsal hippocampus remnant (data not shown). This cluster appeared to be related to cluster 4a described in the medial septum at 14.5 gw by Monier et al (1, Figs. 6G, 7A) . From 19 gw onwards, ramified Iba1-positive cells were more evenly distributed in the cortical plate and upper subplate. They were denser and star-shaped in the deep subplate and prospective white matter. In specimens older than 22 gw, perivascular microglia were visible along radial capillaries in the deep cortical plate and subplate (Fig. 2N) .
Interestingly, in the 19-to 24-gw specimens, a new tangential band of Iba1-positive cells was seen in the intermediate zone at the junction with the deep subplate of the dorsal cortex corresponding to the prospective corona radiata (Fig. 3A, B) . This band extended medially toward the cingulum bundle and laterally toward the external capsule. This band was visible along the entire rostrocaudal extension of the dorsal cerebral cortex, at the level of the basal ganglia, thalamus, and dorsal occipital cortex (Fig. 3CYH) . These intermediate Iba1-positive cells (Fig. 3C ) clearly expressed CD68 (Fig. 3D) with a more diffuse expression of CD45 (Fig. 3E) ; a few of them expressed LN3. In this band, cell density varied across specimens (Fig. 3B, F) . These microglial packed cells were constantly associated with numerous glial fibrillary acidic protein-positive astrocytes (not shown). Microglia had few points of contact with vessels and some evidence of proliferation was seen. In addition, the germinal zone and the ependymal primordium near the patch also exhibited numerous amoeboid and intermediate positive cells (Fig. 3FYH) . Most of these cells expressed CD45, fewer expressed CD68 (Fig. 3G, H) , and an even smaller proportion expressed LN3.
DISCUSSION
In the present study, we describe the early penetration, distribution, morphology, and antigen expression pattern of microglia in the developing human cerebral cortex and white matter. The first amoeboid microglial cells entered the brain at 4.5 gw through the ventricular germinal zone and the pial surface. From 7 gw onward, microglial cells migrated in parallel with neurons from the ventricular zone to the intermediate zone (corresponding to the prospective white matter), subplate, and deep cortical plate; in contrast, no migration was observed in the subpial area. Two main findings deserve emphasis: first, the accumulation of microglia at the junction between the cortical plate and the subplate at 10 to 12 gw; and second, the presence of extended microglial clusters at approximately 19 to 24 gw among the corona radiata fibers rostrally extending caudally in the intermediate zone prospective white matter to reach the visual radiations. Interestingly, this microglial accumulation was located at the site of white matter injury in premature neonates.
Technical Limitations and Antigenic Features of Microglial Subpopulations
This large cohort of brains aged 4.5 to 23.5 gw (i.e. spanning several embryonic stages) allowed us to obtain reliable qualitative results. Most immunohistochemical labeling was performed after a short postmortem delay on brains obtained after spontaneous abortion. One cannot exclude the possibility that diseases linked to pregnancy loss were present and microglial activation was triggered by death. Microglial activation is a very early event that occurs in response to injury from any cause (51) . The absence of neuropathologic abnormalities does not rule out this possibility. However, the labeling pattern of the microglial populations was similar across brains at similar stages despite noticeable variations in cell density.
At all stages and in all regions studied, the anti-Iba1 antibody labeled the largest microglial population (1), including the RCA-1-positive cells, CD45-positive cells, and CD68-positive cells, as assessed by double labeling experiments. We detected MHC-II expression as early as 8 gw, earlier than described previously (52) . MHC-IIpositive microglial cells were predominant in the choroid plexus and germinal zone. Microglial expression of MHC-II antigen was quantitatively low during development as observed by other authors (9, 27, 31, 52Y54), and the significance of this expression by fetal microglia remains unclear. The present results suggest that microglia could be immunologically immature during development.
Routes of Microglial Penetration and Migration into the Cerebral Cortex and White Matter
We identified routes of penetration of microglia from extracerebral structures into the human cerebral cortex and white matter. However, our work does not rule out the existence of neuroepithelial precursors of microglia in the ventricular zone (5, 6).
Early Entry: The Ventricles, Meninges, and Choroid Plexus Early penetration of amoeboid microglia at the ventricular and meningeal sides of the cortical wall was detected from 4.5 gw onward. Such penetration into the cerebral cortex and white matter has been reported in various species at equivalent stages (33, 34, 55Y57). These amoeboid microglia probably correspond to fetal macrophages originating from the yolk sac (32, 58) .
In the ventricular zone, microglia in close contact with blood vessels have been detected early (32Y34), whereas only a few points of contact were observed in our specimens before the 12th gw. As suggested by Cuadros et al (57) , we believe that these cells possibly arose from the ventricular lumen. Indeed, similar amoeboid cells were observed at these stages in the lateral ventricular lumen, and some were adherent to the ventricular edge. In parallel, we previously observed few CD45-positive microglial cells in the lumen of the third ventricle and in the contiguous ventricular zone (1), whose origin could, however, not be determined. Microglial penetration was also observed from the meninges to the outer layer of the cerebral cortex. This way seemed transient because there was no subsequent increase in the number of microglial cells in this layer.
Microglia entering through the choroid plexus have been found in the rat telencephalon (56) . In the present study, we observed that penetration through the choroid plexus was confined to the dorsal hippocampal area and was transient, with no microglial cells at this level at approximately 13 gw, when this embryonic structure is no longer present. These results differed from those observed in the diencephalon and ventral telencephalon, where most of the microglial cells entering the embryonic brain through the choroid plexus and meninges along the diencephalic-telencephalic fissure subsequently spread throughout the cerebral parenchyma (1).
Late Entry: The Vascular Route
Close contact between vessels and microglia was described in a 58-day-old human embryo (33) . In our specimens, although a few microglial cells were detected along vessels in the cerebral cortex and underlying white matter at the end of the embryonic period, points of contact were more numerous after 14 gw, as noted by Rezaie et al (31) . These points of contact were significant from 22 gw onward. This finding is in contrast with our previous results in the diencephalon and ventral telencephalon where clusters of microglial cells neighboring vessel walls were conspicuous from 10 gw onward (1) . Several hypotheses could explain such close contacts between microglia and blood vessels. First, microglial cells originating from the bloodstream could enter in the brain through a transendothelial migration pattern. Indeed, vascular originating cells have been described in the late stages of development and in adult life and constitute the second pool of microglia arising from hematopoietic precursors (32, 34, 59) . Such penetration could be confirmed using electron microscopy showing microglial diapedesis. Second, microglia could take support on blood vessels during their migration into the parenchyma through adhesion molecules. Third, such close contact may be the result of some inhibitory signals present in the environing tissue, avoiding any displacement of microglia away from the vascular structures.
Distribution Within the Cortical Layers and White Matter
In the cortical layers and white matter, intermediate microglial cells migrated from the ventricular zone to the deep cortical plate, along radial and tangential pathways. Similar radial and tangential migration of microglia has been reported in various regions of the developing CNS of vertebrates, including the retina, optic tectum, and cerebellum (60, 61) . The inside-out radial progression may be mechanically supported by radial glial fibers, similar to migrating neurons (62) . Tangential migration in the intermediate zone (prospective white matter) was similar to the migration observed along the axonal bundles of large white matter fascicles such as the internal capsule or optic tract (1, 63) . Guidance cues as semaphorins and netrins have been described for the migration of the oligodendrocytic cell line in developing vertebrates (63Y65). Similarly, Rezaie and Male (12) reported the expression of microglial chemoattracting molecules MCP-1 and MIP-1> in the upper layers of the human cerebral cortex between 16 and 22 gw. Interactions between microglia and adhesion molecules on blood vessels or extracellular matrix component could also be implicated in microglial displacement within the developing brain (12) .
Roles for Microglia During Cortical Development
The pattern of microglial cell entry and distribution in the cortical plate suggests specific roles for these cells during development. A remarkable feature in the cerebral wall is the concentration of amoeboid microglial cells in the transient subplate, in the prospective white matter (intermediate zone) including the corona radiata, and in the corpus callosum. The transient subplate appears early in human fetal brain and disappears during the last third of gestation and early infancy (50, 62, 66) . It displayed mature neurons and is the recipient of the first afferent connections entering the cortex, in particular thalamocortical afferents (67, 68) and catecholaminergic axons (43, 69) . Between 9 and 12 gw, at the moment amoeboid microglial cells were aligned at the lower edge of the cortical plate, these cortical afferents were restricted to the subplate and did not penetrate the cortical plate (68) . Several hypotheses on their possible functions and physiologic role may be suggested: 1) these microglial cells may prevent the signal of axon ascension and penetration through the subplate-cortical plate junction; 2) they may interact with as yet unknown adhesion molecules in this specific area such as neural cell adhesion molecule, which has been shown to be expressed in the same layer in the rat (70); 3) they may play a role in synaptogenesis as in the human cortex in development (synaptogenesis is first present at the cortical plate-subplate junction and in the marginal zone during this time period [71] ); and 4) they may promote death of neuronal cells engaged in synaptogenesis, as observed in the rat cerebellum (60) . These different hypotheses of the possible role of microglia at this particular location remain to be tested.
Microglial cells can perform phagocytosis and may be involved in developmental apoptosis (4, 56, 72, 73) . Accumulation of microglial cells was seen in our specimens in the transient dorsal hippocampus at the time this structure regressed. Correlations between microglial cells containing intracellular pyknotic debris and pyknotic figures were demonstrated at the same level in the developing rat brain (56) . Using the terminal deoxynucleotidyl transferase dUTP nick-end labeling technique, Rakic and Zecevic (73) documented apoptotic cell death in the human cortical subplate at the end of the first trimester, at the time we observed intermediate microglia in this layer.
An interesting finding from our study is the late accumulation of microglia in the prospective white matter (i.e. corona radiata of the deep dorsal cortex) spreading within fibers all along the rostrocaudal extension of the hemisphere. These areas are described as crossroads of intersecting numerous callosal, associative, and thalamocortical axons involved in motor, sensory, and associative systems (74) . Microglial cells may interact with extracellular matrix and/ or axonal guidance molecules present in these areas, giving cues to axonal projections on their way to their targets (74) . Also, one cannot exclude phagocytosis of transient axons in the corona radiata as suggested by findings in kittens that show the possible elimination of exuberant transcallosal projections by microglia during development (75, 76) .
In premature babies, this particular area is a target for white matter injury (periventricular leukomalacia). These lesions occur in babies born between 22 and 30 gw and are responsible for motor, sensory, and cognitive and/or behavioral disabilities (24, 77). Microglia have been implicated in the development of these lesions in animal models as well as in the human brain (20, 21, 30, 78) . In the adult brain exposed to insults, many data suggest that microglia may have both beneficial and detrimental effects (60, 79Y81). The presence of activated microglia associated with astrocytes in the cortical white matter of normal fetal brain in the time window of periventricular leukomalacia is of high interest in studying of the contribution of these cells in these severe disabling lesions (27) . More work is needed to evaluate the precise roles of microglia in the pathogenesis of white matter lesions.
CONCLUSION
Microglia penetrate the human cerebral cortex and white matter in the amoeboid form during early development. They subsequently migrate in the telencephalon together with the transformation to a ramified morphology characteristic of the adult brain. These events occur according to a characteristic spatiotemporal pattern, which probably results from specific molecular signals emitted at particular periods of development by the local and distant environment. Microglia could be implicated in specific developmental processes such as axonal guidance, synaptogenesis, and neurodevelopmental apoptosis. Further studies are needed to elucidate the roles of microglial cells during normal human brain development and in white matter injury in premature babies.
